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Intr oduction
Todaymostfusionexperimentsareusingcarbonasplasmafacingmaterial.Dueto the codepo-
sition of tritium with carbona futurefusionreactorhasto minimisethe graphiteplasmafacing
component$l]. A promisingalternatve materialis tungstenwhich hasa high melting point,
low erosionratein cold scrapeoff layerplasmaanda smalltritium retention.Howeverthemax-
imum allowedtungstenconcentrationn the coreplasmais stronglyrestricteddueto radiation
losses.

Basedontheexperiencewith thetungsterdivertor[2] astepby stepstratey to inserttungstenn
themainchambewof ASDEX Upgradewasfollowed. Firsttestswereperformedusingmarkers
andmid-Z coating[3]. The erosionfound at the inner heatshield could not be explainedby
CX neutralonly, but by ion impact[4]. During the experimentalcampaign20001 2 m? of
the lower part of the centralcolumnwas coatedby tungsten. This region correspondso the
divertor bafes, wherethe preseniTER-FEAT designusestungsten. No negative in uence
on the plasmaperformanceevenin high power H-modeor advanceddischage scenariosyas
obsered[5]. Mostly it wasnot even possibleto detecttungstenat the core by spectroscopic
methodswithin a detectionlimit more than hundredtimes lessthanthe maximumtolerable
concentrationgn ASDEX Upgrade Postmortemanalysisof theinsertedungstertilesindicate
thatthe erosionfoundis mostly dueto ions. Typical erosionratesof about50 nm duringone
experimentatampaigrwerefoundonnotshadedurfacegd6]. Thesesrosionratesshav thatfor
todaypulsedexperimentdayersof 1lumaresufcient for applyingmaterialsassurfacecoatings.

Experimental setup

The presentcampaignstartedin April 2001 with a total coverageof the central column,
except for regions, which may be hit directly by neutral beaminjection or are usedas a
limiter. The carbontiles were shapedo reduceedgeerosionand coatedwith 06 15 pum
tungstenby PlasmaArc Deposition. Altogether6 5 m? of coatedtiles were insertedat the
centralcolumn of ASDEX Upgrade(Fig. 1). Additional two completecolumnsof thinner
coatedtiles were mountedto analysethe complete poloidal tungstenerosionalso at the
limiter region. The experimentalcampaignwas startedwithout additionalwall conditioning
by boronisationor siliconisationto measurehe pure tungstensurface. During the rst two
weeksof operationa dedicatedorogramto investigatethe performanceof tungstenasplasma
facingmaterialwasexecuted.During this time all relevantscenariosveretested.Additionally
specialdischageswereperformedto investigatehe physicsof thetungstererosionandtrans-



port. Thereaftera boronisationwasapplied
to reducethe oxygen contentof the dis-
chages. No failure of the tungstencoating
during plasmaoperationwas obsened until
now.

The core tungstenconcentration,which is
relevant for the fusion performance,was
measuredusing a W-quasi-continuumat
about5 nm andfrom single W-lines in the
soft X-ray spectralregion. The tungstenn-
ux wasdeterminedusingthe intensityof a
WI line at 400.8nm. All spectrometeare
crosscalibratedusingtungsteraserblow off
[5]. Additionally probeswere exposedus-
ing the midplanemanipulatorand analysed
usingion beamtechniques.The plasmapa-
rametersattheheatshieldweremeasuredby
Langmuir probes. Due to this completeset
of measurementse will beableto getinfor-
mationof the history of tungsten.This will
alsoproducedetailedinput datafor numeri-
cal simulations.

Fig.1: View of the centralcolumn of ASDEX
Upgradeshawving the tungstencoatedtiles. The
middle four rows are madeof graphiteand CFC
andaretemporallyusedaslimiter.

H-mode discharges

First ordinary H-mode dischages were #14147
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percent)becauseof the lack of boroni-
sation. Fig. 2 shaws two H-modedis- i | | TolkeV) -
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tiles areusedasa limiter, andin special time (s)
designedlischages,whichhaslow clear Fig.2: Typical H-mode dischages for different
ancewith respecto thetungstertiles. plasmadensities.




A comparisornof thesedatawith depositionprobe measurementis still underinvestigation.
The centraltungstenconcentratiorshowvs strongcorrelationwith the sawv tooth activity. As

demonstratedn Fig.2, it is alwaysreducedduring sawv tooth actiity. This givesa hint that
the centraltungstencontentdependamostly on the internal transport,but not on the source
atthe edge.Earliermeasurementduring the divertortungstenexperiment7], wherea strong
correlationof thetungstersourcewith the SOL tungsterdensitybut notwith thecentraldensity
wasfound, t into this picture.

To studythe behaiour of tungsten specialdesigneddischageswere performed. From for-

merexperimentsaccumulatiorof tungstens known for limiter dischagesandlow voltageNB

heateddischages.

Limiter discharges
A commonscenariowith internaltransport

barrier on ASDEX Upgradeusesthe heat
shieldaslimiter to maintaina L-modeedge. i eak transport barrier
During thesedischageshigh enegy ionshit Lor / ]
the tungstensurfaces,which resultsin the ]
erosionof tungsten. As indicatedin Fig. : L____\
3 the centraltungstenconcentrationisesas o : 4'93MW NB'g

soonasthe LCFS contactghetungsterheat :
shield(0.7s). Thedischagesexhibitsashort
weak transportbarrier (0.8 - 0.9 s), which
resultsin high tungstenaccumulation. Be-
causeof the transporttime the highesttung-
sten peak valueswere reachedsoon after.
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This scenariaresultsin the highesttungsten i _ saturation w3
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paign. The absoluteconcentratiorcould not /

bederived,because¢he detectoiis saturated. i

However the dischage still survived. After 10, L 5 | A
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this phasethe pro le changesandthe cen-
tral tungsterconcentratiordrops. The onset Fig.3: Limiter dischage with internaltransport
of sawvteethresultsin a strongereductionof ~barrier shaving tungstenaccumulation. After
the tungsten.Although this is a limiter dis- vanishing of the barrier the central tungsten

chagethe plasmacompletelyrecorersfrom ~ concentratiorrops.
formerhigh tungsterconcentrationsindreachestill tolerabletungstenconcentrationsAs the

coretemperaturaropsbelow 2 keV thetemperatures to low to measureé*®V with the spec-
trometerandno centralconcentrationsire available. For strongertransportbarrierdischages
even higherconcentrationsverefound. changed.The strongvariationof the centraltungsten
concentratiorcanonly be explainedby a strongvariationof thetransporinto the coreplasma.

Variation of the heatingpro le

From divertor tungstenexperimentsthe tendeng of tungstenaccumulationfor low en-
engy, i.e. off axis, NBl heateddischagesis known [2]. To investigatethis effect the
NB enegy was reducedfrom 60 kevV to 35 40 keV. Due to this the heating pro le



is shifted from centralto off-axis heating.
Againwe nd highertungstencoreconcen-
trationsfor off-axis heateddischagesthan

for centralheating. As shawvn in Fig. 4 the

dischage 14225shaows a cleartendenyg to

accumulatgungstenat 3 s. This resultsin

an enhancedadiation. The samescenario
wasusedin shot14222 but 1.2 MW of cen-
tral depositedECRH was added. Due to

thiscentralplasmaheating thecoretungsten
concentratiomroppeddramatically This ef-

fect is even veri ed after switching off the

ECRH heating,when the tungstenconcen-
tration risesagain. This demonstrateagain
that the central tungstenconcentrationde-

pendsmostly not on the sourcebut on the

transporin thecoreplasma.Themechanism
of this accumulationmay dependon neo-
classicakransportput is notanalysedn de-

tail until now. Experimentallyit wasshavn

thatthecentraltungsterconcentratiorcanbe

controlledby theheatdeposition.This effect

may enableto operatefuture fusion devices
with highertungsteredgeconcentrations.

Summary and conclusions
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Fig.4: Dischage with low enegy NB heating
shaving tungstenaccumulation(grey), which
canbeavoidedby ECRH centralheating(red).

Dueto thelarge surfacecoveredwith tungstera sensitve checkof thein uence of tungsteras
a plasmafacingmaterialin the main chambetron the plasmaperformancainderfusionreactor
relevant conditions,wasdone. No negative in uence on the plasmaperformancewvasfound,
exceptfor specialdesignedestdischages. The coretungstendensitywas alwaysbelow the
limit for ITER. The core plasmatransportcould be identi ed as mostrelevant for the core
impurity concentrationCentralheatingoy NI or ECRHreducedhetungstercoreconcentration
signi cantly. This givesa knobto controlthe centralimpurities, but detailedcalculationsare
still required.Ourresultsunderlinethattungsteris asuitable rst wall materialfor futurefusion

devices.
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